Spinal cord injury (SCI) is a serious disease with high disability and mortality rates, with no effective therapeutic strategies available. In SCI, abnormal DNA methylation is considered to be associated with axonal regeneration and cell proliferation. However, the roles of key genes in potential molecular mechanisms of SCI are not clear.
Background
Spinal cord injury (SCI) can lead to severe autonomic, sensory, and motor dysfunction [1] . It is estimated that more than 3 million people live with spinal cord injury and its worldwide incidence is 23 to 70 individuals per million [2] . Due to the high incidence and high disability rate of spinal cord injury, a serious burden has been placed on society and families. Spinal cord injury can be divided into primary mechanical injury and secondary injury [3] . According to the pathogenesis and the time after injury, the secondary injury process can be divided into acute, subacute, and chronic phases [4] . In addition, 'microenvironment imbalance' is considered to be the main cause of the poor regeneration and recovery of SCI [5] . Microenvironmental imbalances are often accompanied by increased inhibitory factors, loss of neurons, filling of glial cells and reduction of promoting factors at different times and spaces [6] . Multiple cells combined with different nutritional factors or scaffolds have become the focus of spinal cord injury repair [7] . However, treatment with cells, surgery, or medication have been unable to completely cure spinal cord injuries [8] .
Conrad Waddington defined the term "epigenetics" to describe inherited changes in phenotypes without genotypic changes [9, 10] . At present, epigenetics usually refers to a stable genetic phenotype resulting from a chromosome change without variations in the DNA sequence [11] . Due to the role of transcriptional and epigenetic regulations, even though mature cells start off with the same genotype, their phenotypes may quite different [12] . In the brain of adult vertebrates, the formation of new neurons occurs in a specific population of cells. Nerve regeneration is extremely difficult under normal physiological conditions, and it is usually described as being induced after spinal cord injury [13] . Although the exact mechanism of neural repair is not yet clear, previous studies have shown that specific cytoplasmatic factors (exosome), transcriptional factor network, and epigenetic regulators play key roles in nerve regeneration [14] .
DNA methylation is one of the most thoroughly studied epigenetic modifications [15] . The characteristic of DNA methylation is adding a methyl group to cytosine nucleotide without changing the properties of base pairs. Due to the influence of environment or age, different DNA methylation patterns affect the expression of genes involved in crosstalk between neural activity and inflammatory pathways, further contributing to various diseases [16] . Previous studies have confirmed that DNA methylation is associated with a variety of diseases such as cancer [17] , Alzheimer's disease [18] , and hematological diseases [19] . DNA methyltransferases are key enzymes in the process of DNA methylation. More and more studies have shown that DNA methyltransferase plays a critical role in the early development of the central nervous system (CNS), including cognition, learning, and memory [20] . However, the effect of DNA methylation on spinal cord injury has been unclear.
In the present study, whole-genome bisulfite sequencing (WGBS) technology was used to assess tissue before and after spinal cord transection in rats. The discovery of abnormal DNA methylation in the thoracic spinal cord might provide a new repair approach for epigenetic therapies of spinal cord injury.
Material and Methods

Animals
Adult female Wistar rats (approximately 230-250 g, provided by Radiation Study Institute-Animal Center, Tianjin, China, License Key: SCXK2012-0004) were used in this study. Two experimental groups were established: a sham group (n=9) and a SCI group (n=9). All animal experiments were performed according to the guidelines for laboratory animal safety and care as issued by the Ethics Committee of Tianjin Medical University General Hospital and the National Institutes of Health guide for the care and use of laboratory animals (NIH Publications No. 8023, revised 1978). All procedures performed in the study involving animals were consistent with the ethical standards set by the above-mentioned institutions.
Spinal cord transection
Adult female Wistar rats were used for spinal cord transection as described earlier [21] [22] [23] . In brief, all rats subjected to SCI were deeply anesthetized with isoflurane to minimize suffering. Following laminectomy at the T10-11 vertebral level, a 2-mm segment of spinal cord with associated spinal roots was completely removed at the T10 spinal cord level. Sham control rats also underwent laminectomy without contusion. For postoperative care, the bladder was emptied manually twice a day for a month. All rats received an intramuscular injection of penicillin (40 000 U/kg/day) for 5 days to prevent infection.
DNA methylation analysis
DNA was extracted from the spinal cord using a DNA extraction kit (TIANamp Genomic DNA Kit, China) according to the manufacturer's instructions. Five hundred nanograms of bisulfite-converted DNA per sample were analyzed by Illumina Infinium Human Methylation 450 BeadChip array (Illumina, China). Raw data analysis and preliminary data quality control were performed with GenomeStudio software 2011.1 (Illumina, China). Specific experimental procedures for DNA methylation sequencing are shown in Figure 1 . For further gene expression analysis, all data were imported into Cytoscape software (v3.6.1) and GraphPad Prism software (Graph Pad v6.01) for functional analysis and statistical analysis [24] . Differentially methylated genes (DMGs) were identified (mean methylation difference ³20, P<0.001) as described earlier [25] . Using the bioinformatics resources of DAVID 6.7 (https://david.ncifcrf.gov/), the Gene Ontology (GO) term enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of differentially methylated genes were performed [26] .
Histology and immunohistochemistry
The histological evaluation was performed at 4 weeks post surgeries. The rats were anesthetized with isoflurane and transcardially perfused with 4% paraformaldehyde in PBS. Spinal cord tissue was cut into paraffin sagittal sections of 7 µm thickness. After the paraffin sections were prepared, the paraffin sections were stained with hematoxylin-eosin (Solarbio, China), as described previously [27] . Finally, the stained sections were observed under a microscope (Nikon, Japan).
Quantitative real-time PCR
Total RNA was extracted from spinal cord tissues using TRIzol reagent (Invitrogen, USA) according to the manufacturer's instructions [28] . One microgram of total RNA per sample was reverse-transcribed using a Reverse Transcription Kit (Applied Biosystems, USA). Quantitative real-time RT-PCR was performed on a LightCycler ® 480 Real-Time PCR System (Roche, Germany) using SYBR-Green (Thermal, USA). GAPDH acted as internal control. The primers are listed in Table 1 . All samples were analyzed in duplicate, then the average value of the duplicates was used for quantification.
Behavioral analysis
After surgery, hindlimb function of the rats was evaluated with the Basso, Beattie, and Bresnahan (BBB) open field locomotor test [29] . BBB scores were taken 3 days prior to injury, and once each week following SCI, for 8 weeks. BBB scores of each animal were calculated as the average of movement scores between the 2 hind limbs. Two independent researchers blind of the different experimental treatments determined the BBB scores.
Statistical analysis
All statistical analyses were performed using the GraphPad Prism software. Data are reported as mean ± standard deviations. The BBB scores data were evaluated using 2-way 
Results
Histological and behavioral evaluation after spinal cord injury
After spinal cord injury, the loss of neuronal cell was noticeable and axons were severed. Cells and tissue morphology of the sham group were relatively complete ( Figure 2A ). Inflammatory cell infiltration, bleeding, and glial scars were observed in the SCI group ( Figure 2B ). Motor function recovery was evaluated using the BBB open field locomotor test. The BBB scores ranged from 0 (no hindlimb movement) to 21 (normal hindlimb move) according to the rating scale. After successful spinal cord injury, the BBB score of all rats in the SCI group was 0. After 8 weeks, the score of motor function of some rats in the SCI group reached 5 ( Figure 2C ).
Identification of DMGs in SCI
After the whole-genome bisulfite sequencing, a total of 623 487 210 clean reads in the sham group and 623 545 728 clean reads in the SCI group were obtained, respectively. There were (Tables 3, 4 ). All of the aberrantly expressed genes are shown in a heat map in Figure 3 .
GO enrichment analysis and KEGG pathway analysis
The results of GO enrichment analysis are presented in Table 5 .
In the biological processes (BP), the hypermethylated genes were significantly enriched in spermatogenesis, regulation of cell shape, and neurogenesis. Regarding the molecular function (MF), the hypermethylated genes were mainly enriched in plasma protein binding and metal ion binding. In the cellular component (CC), the hypermethylated genes were significantly enriched in membrane, extracellular exosome, and membrane. The biological processes enriched by the hypomethylated genes included brain development, protein phosphorylation, and response to ethanol. In molecular function, the hypomethylated genes were mainly enriched in protein binding and calcium ion binding. In the cellular component, the hypomethylated genes were enriched in cytoplasm and extracellular exosome.
KEGG pathway analysis results are shown in Table 6 . According to KEGG pathway analysis, the DMGs were significantly enriched in the Axon guidance pathway, Endocytosis pathway, T cell receptor signaling pathway, and Hippo signaling pathway.
PPI network analysis
Protein-protein interaction (PPI) networks analysis was performed using Cytoscape software. The PPI network of hypermethylated/hypomethylated genes is shown in Figure 4 . According to Figure 4A , a total of 48 nodes and 41 interaction pairs were included in this network. Some proteins involved in the Calcium signaling pathway, such as Htr7, Gna14, Adra1a, Cysltr2, Itpr3, Ppp3cc, and Slc8a1, are central nodes in this network. The top core genes were chosen: Csf2, Fars2, Synj2, Ppp3cc, Stat4, Casp8, Cysltr2, and Tiel. These genes and the number of gene cords are shown in Figure 4B . A total of 43 nodes and 33 interaction pairs were included in this network ( Figure 4C ). Some proteins involved in the Endocytosis pathway, such as Arfgef1, Flt1, Cyth1, Dnm3, Snx1, and Spg21, are central nodes in this network. The top core genes were chosen: Pcsk2, Dnm3, Hmgcll1, Flt1, Plcg2, RT1-Db1, Ntrk3, and Atp10a. These genes and the number of gene cords are shown in Figure 4D .
Genes expression validation by qRT-PCR
In addition to validating the WGBS analysis results, qRT-PCR was used to quantify parts of mRNAs of corresponding methylated genes in the SCI group compared with the sham group. Among these core genes, there were 5 differentially hypermethylated genes (Csf2, Fars2, Synj2, Ppp3cc, and Stat4) and 3 differentially hypomethylated genes (Pcsk2, Dnm3, and Hmgcll1). A search of PubMed revealed that all of these genes are involved in central nervous system repair. Figure 5 shows that 5 mRNAs of differentially hypermethylated genes were downregulated in the SCI group compared with the sham group (P<0.05), and 3 mRNAs of differentially hypomethylated genes were upregulated in the SCI group compared with the sham group (P<0.05).
Discussion
During the past decade, few studies have revealed the epigenetic changes that accompany the formation and development of the central nervous system [30, 31] . In the early stages of the development of the central nervous system, DNA methylation may play an essential role. It is reported that DNA methylation regulates the differentiation of neurons, which is closely related to adult learning, memory, and cognition [32] . During the process of DNA methylation changes, it is easy to cause more epigenetic diseases due to other factors such as the environment. Therefore, whole-genome bisulfite sequencing of DNA methylation helps reveal epigenetic modifications underlying a variety of complex diseases.
In this study, we first established a transection model of spinal cord injury. epigenetic changes in rat spinal cords before and after injury. In bioinformatics analysis, approximately 96 differential DNA methylation genes were identified, including 50 hypermethylation genes and 46 hypomethylated genes. After GO enrichment analysis, KEGG signaling pathway analysis, and PPI network analysis of these significantly different DNA methylated genes, several core genes in this epigenetic change were screened out, such as Csf2, Fars2, Synj2, Ppp3cc, Stat4, Pcsk2, Dnm3, and Hmgcll1. In addition, we used qRT-PCR to verify the expression of these genes.
Bioinformatics analysis was performed on the selected hypomethylated genes. In GO analysis of biological processes, these hypomethylated genes were significantly enriched in brain development, protein phosphorylation, and response to ethanol, while in the cellular component, the hypomethylated genes were enriched in cytoplasm and extracellular exosome. These hypomethylated genes may be closely related to the formation and regeneration of the central nervous system, and epigenetic changes in these genes may lead to the proliferation and migration of nerve cells (e.g., neurons, oligodendrocytes, and astrocytes) after nerve injury. Among these genes, Dnm3 attracted our attention. Previous reports have shown that Dnm3 is an important epigenetic marker for early detection of breast cancer [33] . There is increasing evidence that Dnm3 plays a critical role in primordial short stature, neurodevelopmental impairments, and microcephaly [34] . In addition, Dnm3 is expressed in the brain and contributes to myelin formation, which promotes axon maturation and myelination [35] [36] . This is consistent with changes in hypomethylated genes affecting axonal remodeling after spinal cord injury in rats in the present study. In KEGG analysis, these hypomethylated genes were significantly enriched in the Endocytosis pathway and Hippo signaling pathway. This may be related to the influence of Dnm3 on the coupling between the post-synaptic density scaffold and the endocytic zones [37] . Previous studies have shown that the use of a proliferation-inducing medium containing Y-27632 (Rho/Rho-kinase pathway inhibitor) to culture neural stem cells (NSCs) can activate the Hippo signaling pathway and enhance axon regeneration of NSCs [38] , and found that inhibition of ROCK mediates neurite outgrowth in NSCs by activating the Hippo signaling pathway. This is consistent with the results of the present study. After PPI analysis of the hypomethylated genes, the top 5 core genes were Pcsk2, Dnm3, Hmgcll1, Flt1, and Plcg2.
In GO analysis, we found that the hypermethylated genes enriched in biological processes included spermatogenesis, neurogenesis, and regulation of cell shape. In molecular function, the hypermethylated genes were mainly enriched in metal ion binding and plasma protein binding. Regarding the cellular component, we found the hypermethylated genes were significantly enriched in membrane, extracellular exosome, and membrane. Csf2 is a member of the colony-stimulating factors (CSFs) family. This cytokine family includes widely known hematopoietic growth factors [39, 40] . Initially, colony-stimulating factor 2 was reported to play a key role in embryonic and early nervous system development [41[. A previous study focused on long noncoding RNAs and messenger RNAs indicated that Csf2 contributes to pathogenesis in the immediate phase of spinal cord injury in adult SD rats [42] . These results all suggest that Csf2 genes may be potential biomarkers in the central nervous system. KEGG analysis showed that these hypermethylated genes were significantly enriched in the T cell receptor signaling pathway, Axon guidance pathway, Calcium signaling pathway, Dopaminergic synapse pathway, and Taste transduction pathway. Previous research has indicated that T cell receptor signaling pathways are crucial in development of neuropathic pain following spinal cord injury [43] . Another study demonstrated that changes in the Axon guidance pathway along with an upregulation of voltage-dependent calcium channel alpha (2) delta-1 subunit Cacna2d1, could contribute to increased mechanical sensitivity [44] . These pathway changes are consistent with the results of our study. In addition, we performed PPI network analysis on hypermethylated genes; the top 5 core genes were Csf2, Fars2, Synj2, Ppp3cc, and Stat4.
Although this study is the first to reveal epigenetic changes after spinal cord injury in Wistar rats, there are still some limitations that need to be addressed. First, we used rodent models, and primate models and even human studies are needed. Second, the central nervous system contains the spinal cord and brain, and the structure and function of the brain are more complex than in the spinal cord, but we did not perform epigenetic studies of the brain. Third, DNA methylation is an important part of epigenetics, and after spinal cord injury, histone modification, gene silencing, and changes in genomic imprinting need to be further explored. In addition, the type of spinal cord injury should be assessed and the screening of more core genes is needed in future work. Despite these limitations, this study furthers understanding of epigenetic changes in spinal cord injury.
Conclusions
The present study performed a comprehensive bioinformatics analysis; 96 differential DNA methylation genes were identified in the thoracic spinal cord tissue following transection injury compared with sham group samples. Among them, 50 genes were hypermethylated and 46 genes were hypomethylated. Moreover, the Axon guidance pathway, Endocytosis pathway, T cell receptor signaling pathway, and Hippo signaling pathway were identified and may be significant mechanisms involved.
Core genes such as Csf2, Fars2, Synj2, Ppp3cc, Stat4, Pcsk2,
